Human in vitro-manufactured tissue and organ models can serve as powerful enabling tools for the exploration of fundamental questions regarding cell, matrix, and developmental biology in addition to the study of drug delivery dynamics and kinetics. To date, the development of a human model of the renal proximal tubule (PT) has been hindered by the lack of an appropriate cell source and scaffolds that allow epithelial monolayer formation and maintenance. Using extracellular matrices or matrix proteins, an in vivo-mimicking environment can be created that allows epithelial cells to exhibit their typical phenotype and functionality. Here, we describe an in vitro-engineered PT model. We isolated highly proliferative cells from cadaveric human kidneys (human kidney-derived cells [hKDCs]), which express markers that are associated with renal progenitor cells. Seeded on small intestinal submucosa (SIS), hKDCs formed a confluent monolayer and displayed the typical phenotype of PT epithelial cells. PT markers, including N-cadherin, were detected throughout the hKDC culture on the SIS, whereas markers of later tubule segments were weak (E-cadherin) or not (aquaporin-2) expressed. Basement membrane and microvilli formation demonstrated a strong polarization. We conclude that the combination of hKDCs and SIS is a suitable cell-scaffold composite to mimic the human PT in vitro.
Introduction
T he proximal tubule (PT) of the kidney represents the first segment of the renal tubule following the glomerular filter where the blood is filtered. Morphologically, the PT is composed of a single-layered epithelium of polarized cuboidal cells that are attached to a basement membrane. 1 Renal proximal tubule epithelial cells (RPTECs) have an apical-basal polarity with a well-developed microvilli brush border on the apical side. 1 RPTECs reabsorb most of the substances that need to be recovered from the glomerular filtrate, such as water, glucose, amino acids, and electrolytes. They also secrete waste products and xenobiotics into the tubule lumen for excretion and express several xenobiotic metabolizing enzymes. 2 To study physiological and pathophysiological processes related to the PT epithelium, appropriate in vitro test models are of high interest. Drugs and their metabolites can be intensively absorbed by the numerous different transport systems of RPTECs. Therefore, renal PT-mimicking in vitro test systems are of particular interest for pharmacological research, since the PT epithelium influences bioavailability and is particularly sensitive toward the nephrotoxic effects of xenobiotics. 3 The development of suitable renal cell-scaffold combinations is also of great interest to the field of bioartificial kidney (BAK) assist device design. In BAKs, renal epithelial cells are added to the conventional hemodialysis filter that can only partially replace glomerular filtration. [4] [5] [6] [7] The outcome of most BAK in vitro-engineering approaches crucially depends on the appropriate choice of cells, substrates, and culture conditions. As one essential parameter for cell attachment and the formation and maintenance of an epithelial monolayer, the important role of the extracellular matrix (ECM) has been acknowledged and intensively investigated over the past years. [8] [9] [10] It has been shown that components of the basement membrane, such as laminins and collagen type IV (Col IV) are especially suitable coatings for the improvement of renal tubule cell attachment on synthetic polymer surfaces, which is necessary for the establishment of bioartificial renal tubules. 11 However, it has been shown that different types of renal cells prefer various ECM proteins, ECM protein concentrations, and cell culture conditions, 12, 13 demonstrating the complexity of interactions between renal cells and the ECM, and the individuality of each cell and scaffold component. In addition, the utilization of hydrogels composed of collagen type I (Col I), matrigel, and bioactivated synthetic polymers for the establishment of in vitro cultures further illustrates the important impact that ECM proteins have on renal tubule cell morphology and functionality. [14] [15] [16] [17] [18] Embedded in these threedimensional (3D) matrices, Madin-Darby canine kidney cells formed polarized cysts and tubule-like structures with an epithelial phenotype. 18 In this study, it was emphasized that the presence of at least one ECM component is crucial for cyst formation. 18 Further, it was shown that isolated PTs retain their phenotype and functions for a prolonged time in hyaluronic acid-based hydrogels. 19 Hydrogel cultures are appropriate for studying epithelial cell morphogenesis and polarization in vitro; however, for renal tubule cell transport function studies, these cultures are not useful since tubule structures are diffusely distributed within the gel. To date, porous well inserts are used for these functional tests since they allow planar monolayer growth with separated basolateral and apical compartments. 20 In addition, synthetic insert membranes can be coated with Col I; however, they do not mimic a true 3D environment that is capable of promoting epithelial cell monolayer formation and polarization.
Here, we present an approach using small intestinal submucosa (SIS) as a natural scaffold, which is derived from porcine small intestine. [21] [22] [23] SIS has been intensively studied in preclinical and clinical studies that revealed its benefit as a biomaterial graft to support tissue regeneration for several applications such as hernia repair 24 and urologic reconstruction. 25 SIS is prepared by removing the mucosal and muscular layers and all remaining cells to obtain a natural ECM scaffold that is mainly composed of collagens including Col I and collagen type III (Col III).
26-31 SIS supports cell ingrowth, proliferation, and differentiation, and cell phenotype maintenance of various cell types. 21, [32] [33] [34] To our knowledge, SIS has not been used for the culture of renal tubule cells.
Cell source is another important factor for the success and quality of tissue cultures. In past years, research efforts have been focused on clarifying the origin and identity of cells that can contribute to the process of renal tubule regeneration. [35] [36] [37] Such endogenous stem or progenitor cells could be a useful cell source since they possess an extended proliferative potential, which is in great contrast to mature primary kidney cells. 38 They may also exhibit higher functionality under appropriate culture conditions when compared to cancerous or virally immortalized cell lines, which are routinely used in in vitro test systems. Here, we have isolated and characterized cells from cadaveric human kidneys (human kidney-derived cells [hKDCs] ) with the focus on cell morphology, growth potential, surface marker expression, and tubulogenic differentiation. The combination of hKDCs and SIS allowed for the establishment of an in vitro model that mimics the renal PT.
Materials and Methods

hKDC isolation
Tissue considered unsuitable for transplantation was obtained through the National Disease Research Interchange (Philadelphia, PA) following institutional protocol approvals. To remove blood cells and debris, kidneys were washed in Dulbecco's modified Eagle's medium (DMEM, #11885-076; Life Technologies, Carlsbad, CA). Tissues were dissected from the cortex region of the kidneys. The tissues were then mechanically dissociated in tissue culture plates and digested in good manufacturing practice grade enzyme mixtures containing 0.25 units 4-phenylazobenzyloxycarbonyl activity/mL collagenase (NB6, #17452.01; Serva Electrophoresis GmbH, Heidelberg, Germany) and 2.5 units/mL dispase II (#04942078001; Roche Diagnostics Corporation, Indianapolis, IN). The enzyme mixture was combined with renal epithelial growth medium (REGM, #CC-3190; Lonza, Walkersville, CA). The conical tubes containing the tissue, medium, and digestion enzymes were incubated at 37°C in an orbital shaker at 225 rpm for 2 h. If large pieces of tissue were still present after the digestion step, they were removed by gravity sedimentation or by slow centrifugation. The supernatant that contained the suspended cells was then transferred into a new 50 mL tube and centrifuged. The cells were resuspended in REGM, plated on gelatin-coated tissue culture flasks, and cultured at 37°C under normal atmospheric conditions for cytological analyses.
Flow cytometry
Cells were expanded with REGM in cell culture flasks at 37°C and 5% CO 2 . Adherent cells were washed in phosphatebuffered saline (PBS) and detached with TrypLE Select (#12563-029; Life Technologies). Cells were harvested, washed, counted, centrifuged, and resuspended in PBS containing 3% FBS at a concentration of 5 · 10 5 cells/mL. Antibody staining was performed using 50,000 cells according to the manufacturer's instructions (all BD Biosciences, San Jose, CA). The following antibodies were used: anti-CD13 (#347837), anti-CD24 (#555428), anti-CD29 (#555443), anti-CD34 (#555478), anti-CD44 (#555821) and anti-CD73 (#550257), IgG-FITC control antibody (#340755), and IgG-PE control antibody (#340761). Antibody staining was analyzed using a Guava EasyCyte Instrument (Guava Technologies/Millipore, Billerica, MA).
HK-2 culture
The human PT epithelial cell line HK-2, immortalized through transduction with human papillomavirus type 16 E6/E7 genes, 39 was obtained from the American Type Culture Collection (ATCC, #CRL-2190Ô). Cells were 600 HOPPENSACK ET AL.
seeded and expanded in cell culture flasks in REGM (#CC-3190; Lonza, Basel, Switzerland) at 37°C in a 5% CO 2 atmosphere until seeding for SIS experiments.
SIS preparation
SIS was prepared from porcine jejunal segments. All explantations were in compliance with the German Animal Protection Laws (x4 Abs. 3) and the institute's animal protection officer regularly communicated with the responsible authorities. After jejunum explantation, the mesentery was discarded, the jejunal segments were rinsed with tap water, and the mucosa was mechanically removed. All remaining cells were lysed by incubation in 3.4% sodium desoxycholate (#3484; Carl Roth, Karlsruhe, Germany). Subsequent to several washing steps in PBS at 4°C, the scaffold was sterilized by gamma irradiation (25 kGray) prior further use.
Cell culture in vitro models
For controls, hKDCs were seeded at a density of 1.3-5.3 · 10 3 cells/cm 2 in REGM in 24-well routine polystyrene cell culture plates. hKDCs were also seeded onto Col Icoated, porous polyethylene terephthalate (PET) membrane inserts in 12-well cell culture plates. 40 The Col I-coated PET membranes were seeded using 6.5 · 10 3 hKDCs/cm 2 in REGM. In addition, 3D Col I-composed gel cultures (Col I-3D-gels) were performed in 24-well cell culture plates. Each well was coated with 500 mL Col I gel solution consisting of 3 mg/mL Col I in DMEM (#42400-010; Life Technologies, Darmstadt, Germany) containing 30 mM HEPES (#9105; Carl Roth), 10% FCS (#10270-106; Life Technologies), and 1% gentamycin (#15710-049; Life Technologies). The solution gelled during incubation for 15 min at 37°C in REGM. For cell seeding, the medium was removed and 6.5-32.5 · 10 3 cells/cm 2 were seeded in REGM. After 24 h, the medium was aspirated and 300 mL of the Col I-containing gel solution (prepared as described above) was added to each cell-containing well. The collagen solution gelled during 15 min at 37°C. Finally, the gels were covered with REGM and cultured at 37°C, 5% CO 2 .
For 3D SIS cultures, SIS pieces were laterally cut and opened. Single-layer SIS pieces were stretched between two stainless steel rings. Subsequently, they were transferred to 12-well cell culture plates and incubated in REGM for at least 2 h at 37°C. Medium was aspirated and 6.5-32.5 hKDCs · 10 3 /cm 2 were seeded in REGM. In all experiments, medium was replaced every 2-3 days and all seeded scaffolds were cultured at 37°C in a 5% CO 2 atmosphere.
Cytological and histological staining
Bouin's-fixed, paraffin-embedded samples were stained with hematoxylin and eosin (H&E) or alcian blue pH 2.5 using standard procedures. 39 For immunochemical analyses, the peroxide-based EnVision technique was applied as previously described. 39 Primary antibodies [aquaporin-1 (1:1000, #ab9566; Abcam, Cambridge, United Kingdom), aquaporin-2 (1:300, #15081; Abcam), claudin-2 (1:200, #ab15100; Abcam), Col IV (1:25, #M0785; Dako, Hamburg, Germany), E-cadherin (1:300, #610181; BD Biosciences, Heidelberg, Germany), Ki67 (1:150, #M7240; Dako), mitochondria (1:250, #ab3298; Abcam), Na-KATPase (1:100, #ab76020; Abcam) and N-cadherin (1:300, #ab12221; Abcam)] were incubated in background-reducing antibody diluent (#S3022; Dako). For detection, peroxidaseconjugated EnVision reagents (#K4001 and #K4002; Dako) and diaminobenzidine chromogen (#K3468; Dako) were used. Samples were counterstained with hematoxylin.
For lectin staining, samples were treated with hydrogen peroxidase, and biotinylated Lotus tetragonobolus lectin (LTL, 1:500, #B1325; Biozol, Esching, Germany) or Dolichos biflorus agglutinin (DBA, 1:500, #B1035; Biozol) were prepared with background-reducing antibody diluent (#S3022; Dako). Detection included labeling with streptavidin (#LP000-ULE; DCS, Hamburg, Germany) and the addition of aminoethyl carbazole chromogen (#HK129-5KE; DCS). Sections were counterstained with hematoxylin.
To semi-quantify marker expression patterns, six images of each staining were counted. Hematoxylin staining was used to define cell nuclei and thus count cell numbers. Cells that were specifically stained by antibodies or lectins were normalized based on total cell numbers. All data are displayed as mean -standard deviation. Statistical significance was assessed by a nonpaired Student's t-test. pValues less than 0.05 were considered to be statistically significant.
Albumin uptake assay
To assess albumin uptake, the hKDC-seeded SIS was first preincubated in serum-free REGM for 1 h. The medium was then replaced by REGM containing 200 mg/mL fluorescein isothiocyanate-labeled bovine serum (BSA-FITC) (#A9771; Sigma-Aldrich, St. Louis, MO) and incubated for 30 min. The samples were then washed with PBS, counterstained with diamidino-2-phenylindole (DAPI), and imaged on a confocal laser scanning microscope (LSM 710; Zeiss, Oberkochen, Germany). DAPI staining was used to identify cell nuclei and thus assess cell numbers for semi-quantitative analysis. Cells that took up BSA-FITC were normalized based on total cell numbers. Data are displayed as mean -standard deviation.
Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on 3 mm paraffin sections. They were deparaffinized by incubation at 60°C for 30 and 10 min in xylene (#9713.3; Carl Roth), Roticlear (#A538.1; Carl Roth), and isopropanol (#10010401; Brenntag, Mülheim, Germany). Afterward, samples were air-dried, sputter coated with platinum, and micrographed using a scanning electron microscope (LEO 1530 VP; Zeiss, Oberkochen, Germany).
Results
hKDC characterization
Employing routine light microscopy, we observed that hKDCs at passage 4 showed a homogeneous epithelial morphology (Supplementary Fig. S1A ; Supplementary Data are available online at www.liebertpub.com/tec). Cultures of hKDCs were analyzed for their ability to be expanded in culture. Cell populations were continually passaged for several weeks until senescence was reached. Senescence was determined when the cells failed to achieve greater than one population doubling during the study time interval. After 59 days in culture, hKDCs demonstrated 34 population doublings and were passaged 18 times. Cells demonstrated an average doubling time of 42 h per doubling ( Supplementary Fig. S1B ).
hKDCs were characterized by flow cytometry (Fig. 1 ). Similar to native PT cells in vivo, hKDCs expressed CD13 (99.5% -0.2%). 41 In addition, hKDCs also expressed CD24 (97.1% -0.1%), CD29 (100% -0%), CD44 (99.6% -0.3%), and CD73 (100% -0%), all surface markers that have been previously associated with renal progenitor cells and mesenchymal stem cells. [42] [43] [44] [45] The vast majority of the hKDCs were negative for the hematopoietic stem cell marker CD34 (0.8% -0.2%). To further characterize hKDCs, we compared the presence of markers of PT cells (N-cadherin, 46 aquaporin-1 47 ) and later nephron segments (E-cadherin, 46 aquaporin-2 47 ) by immunocytological staining on hKDCs seeded in chamber slides (Fig. 2) . In our study, N-cadherin was highly expressed in 100% -0% of the isolated hKDCs, whereas E-cadherin was detected only in 44.2% -3.0% of the cells (Fig. 2A vs. B) . Aquaporin-1 was expressed by 1.0% -1.2% of the cells, while aquaporin-2 was not detectable (Fig. 2C vs. D) . To detect proximally differentiated cells, LTL and DBA staining were used. LTL binds to carbohydrates of PT cells and DBA binds to later tubule segments. 48, 49 We identified that LTL bound to 27.6% -5.2% of the hKDCs (Fig. 2E) . In contrast, DBA bound only to 7.1% -1.7% of the hKDCs (Fig. 2F ).
Growth patterns of hKDCs under routine culture conditions hKDC growth patterns were studied in setups that are currently used as in vitro models of the renal epithelium. The most basic model represents cells cultured in routine polystyrene cell culture plates (Fig. 3A) . After achieving confluence, hKDCs continued to proliferate on this substrate, leading to uncontrollable cellular overgrowth and formation of 3D cell aggregates that partially detached from the culture substrate. 17 In contrast, it has been shown that porous well inserts allow a compartmentalization and are therefore suitable for transport studies. 20 Therefore, we seeded hKDCs on Col I-coated PET membrane inserts. The cells showed a flat, noncuboidal morphology, similar to what had been seen on cell culture polystyrene (Fig. 3B) . Further, hKDCs did not form a single cell layer, but grew in multiple layers. Cell agglomerates formed that frequently detached, suggesting poor adherence on the Col I-coated PET membrane (Fig. 3B) . In previous studies, hydrogels composed of Col I were used due to their ability to induce cyst and tubule formation, while allowing a normal epithelial morphogenesis of RPTECs. 17 In this study, hKDCs grown on Col I-3D-gels formed cystic and tubule structures and displayed a typical (Fig. 3C) ; however, tubule structures were diffusely distributed within the gel. Thus, transport studies with defined substance addition and detection in apical and basal compartments are not feasible in this model.
Impact of SIS scaffold on hKDC and HK-2 cell growth and morphology
SIS was used to combine the promoting effect of a natural 3D scaffold on epithelial cell morphology with a surface that allows a planar monolayer culture. hKDCs were cultured on the SIS for 3 weeks and then analyzed by histological and immunohistological staining (Fig. 4) . The cells formed an epithelial monolayer with a cuboidal to high-prismatic morphology and eccentric nuclei, which is very similar to the morphology of PT cells in vivo. In contrast to hKDCs that were cultured on Col I-coated PET membrane inserts, hKDCs cultured on SIS did not overgrow and formed a single epithelial cell layer, analogous to the morphology of native kidney tissue (Fig. 4B vs. C) . Ki67 staining revealed that similar to the Ki67 patterns in native tissue, very few proliferating cells were present in the hKDC-SIS cultures after 3 weeks, further demonstrating contact inhibition of hKDCs on the SIS (Fig. 4D, E) .
HK-2 cells represent a PT epithelial cell line of human origin. 39 These cells are routinely used for in vitro studies.
50,51
Here, we compared growth patterns of hKDCs with HK-2 cells cultured on the SIS. We observed extensive proliferation and multilayer formation of HK-2 cells on the SIS (Fig. 4F, G) . After 3 weeks, proliferating cells were detected in all cell layers. Moreover, histological results indicated cell degradation ( Fig. 4F; arrows) . In contrast to HK-2 cells, hKDCs exhibited more epithelial cell characteristics under the described culture 
grown on SIS (F). (D, E, G) Ki67 immunohistochemistry (dark brown) revealed that in contrast to the hKDC-SIS constructs (D)
and native kidney tissue (E), HK-2 cells were highly proliferative and cell degradation (arrows) was observed (G). Cell nuclei were counterstained with hematoxylin (blue). All scale bars = 50 mm. Color images available online at www.liebertpub .com/tec conditions and were therefore selected for all ongoing experiments (Fig. 4B, D 
vs. F, G).
Cell phenotypical characterization of hKDCs on the SIS
We analyzed expression patterns of markers that are present in native renal PT cells (Fig. 5A-C) and later nephron segments (Fig. 5G-I ) to further characterize hKDCs on the SIS. We identified that N-cadherin was expressed in 100% -0% of the hKDCs on the SIS (Fig. 5D ). Aquaporin-1 was detected in 38.2% -4.7% of the SIScultured hKDCs, particularly on the apical cell membrane, indicating cellular polarization (Fig. 5E) . We further showed that 45.4% -7.1% of the hKDCs on SIS were positive for LTL (Fig. 5F ), which represents a significant increase of
FIG. 5. Immunohistochemical and lectin staining of native kidney tissue (A-C and G-I) compared to hKDCs cultured on SIS for 21 days (D-F and J-L).
We analyzed markers of the proximal tubule including N-cadherin (brown; A, D) and aquaporin-1 (brown; B, E), and LTL (red; C, F). Staining is also provided for markers of later nephron segments including E-cadherin (brown; G, J), aquaporin-2 (brown; H, K), and DBA (red; I, L). Nuclei were counterstained with hematoxylin (blue). Scale bars: (A, B, D LTL expression when compared with hKDCs before exposure to the 3D substrate (Fig. 2E) . In contrast, E-cadherin was only seen in 17.3% -3.4% of the cells (Fig. 5J) , and no positive staining of aquaporin-2 was observed at any time of in vitro culture (Fig. 5K) . Only 8.4% -2.0% of the cells were positive for DBA (Fig. 5L) . The basement membrane protein Col IV and proteoglycans were detected underneath the basal cell membrane of hKDCs, but not on the surface of the acellular scaffold, indicating a neo-synthesis of crucial ECM proteins by the hKDCs (Fig. 6A-F) . On the apical cell membrane, microvilli structures were observed in histological stains, which were confirmed by SEM (Fig. 6G, H) . Strong basolateral expression of Na-K-ATPase (Fig. 7A) , expression of the tight junctional protein claudin-2 (Fig. 7B) , and basal accumulation of mitochondria (Fig. 7C) further confirmed the formation of a polarized monolayer.
In the healthy kidney, the albumin filtration rate is very low, but in renal disease it can increase. In both instances, albumin needs to be recovered by PT cells. Accordingly, we analyzed the albumin uptake of hKDCs on the SIS and revealed that 37.7% -5.7% of hKDCs on the SIS were able to uptake BSA-FITC. For HK-2 cells on the SIS only fragments of BSA-FITC and DAPI counterstaining could be observed and thus quantification of the staining was not possible (Fig. 8) .
Discussion
Human in vitro-manufactured tissue and organ models are powerful enabling tools for the exploration of fundamental questions regarding cell, matrix, and developmental biology in addition to the study of drug delivery dynamics and kinetics, provided that a suitable combination of cells, scaffolds, and culture conditions is available. 52 The establishment of a fully functional human-based renal PT in vitro test system would be of great interest to the fields of physiological science, pharmacological research, and BAK development, where cellscaffold composites mimicking in vivo tissue elements are urgently required. 7 Three-dimensional scaffolds play an important role in the appropriate growth and differentiation of epithelial cells ex vivo, with natural ECM representing a suitable substrate to support cell-typical characteristics. 53 In our study, we used the combination of primary isolated hKDCs with SIS to mimic the human renal PT. Initially, hKDCs were isolated and characterized in regard to their morphology, growth potential, and marker expression. hKDCs performed 34 population doublings until senescence, which shows that high quantities of cells can be generated. hKDCs express the surface markers CD13, CD24, CD29, CD44, and CD73. This marker profile suggests that hKDCs are a renal progenitor cell-like population; however, it was shown by Metsuyanim et al. that CD24 can be also found on a high amount of cells in adult human kidney tissue. 42 ECM proteins that can help to mimic the native organ's microenvironment have been shown to be beneficial when establishing in vitro cultures and test systems. 9 It has been shown that collagen types I and IV, and laminins supported culture of human RPTECs. 11 Col I is a natural constituent of the kidney, 54, 55 and it has been previously described as an appropriate substrate for the culture of PT cells on membranes. 56 Here, we cultured hKDCs on routine cell culture polystyrene, Col I-coated PET membrane inserts, and on Col I-3D-gels to evaluate the potential of these cells for their use in a renal PT in vitro model. We demonstrated that hKDCs that were cultured on routine polystyrene cell culture plates or synthetic Col I-coated PET membranes did not develop physiological morphologies and grew in multiple layers, which leads to the conclusion that they had lost contact inhibition. In contrast, when cultured in a Col I-3D-gel, hKDCs differentiated into cystic and tubule epithelial structures. One difference between the Col I-coated PET membrane cultures and the Col I-3D-gels was three-dimensionality. These results imply that using appropriate ECM components alone might be insufficient to induce epithelial characteristics of hKDCs and that three-dimensionality is required to obtain a physiological resemblance of these cells in vitro, a phenomenon that has been previously described by others. 18 Further parameters that may also have influenced the results in our experimental setup could be differences in the bulk modulus 57, 58 between the Col I gel and the Col I-coated PET membrane, or different diffusion rates of nutrients, growth factors, and paracrine signals. 59 However, transport studies and BAK designs require the assembly of a planar epithelial cell layer. Our data suggest that Col I-coated synthetic PET membranes are not suitable for achieving planar cell assembly, since cultures employing hKDCs showed a lack of contact inhibition and therefore pathological cell proliferation patterns.
We identified SIS as suitable substrate to support formation of an epithelial monolayer since this natural ECM scaffold features a variety of biochemical and structural properties that stimulate cell adhesion and differentiation. 31 In our experiments, culture of hKDCs on SIS led to the formation of a contact-inhibited monolayer. We also included HK-2 cells in our experimental design, since it is a cell line derived from normal adult human kidney tissue; however, due to its transformation with human papillomavirus type 16 E6/E7 genes, the cells lack normal contact inhibition. Thus, no epithelial monolayer could be achieved on the SIS using the HK-2 cells. Implementation of a BSA-FITC assay revealed an increased HK-2 cell degradation reflected by highly fragmented staining. We hypothesize that the observed HK-2 cell degradation might be the result of fast consumption of nutrients in the medium caused by a high cell proliferation rate. This emphasizes that transformed cell lines might not be an adequate cell source for in vitro test systems.
For the evaluation of proximal differentiation, we analyzed the hKDC-SIS cultures for N-cadherin and aquaporin-1, which are both expressed in RPTECs of the native kidney tissue. We additionally stained for E-cadherin and aquaporin-2, which are found in epithelial cells of later tubule segments. In our system, a strong continuing expression of N-cadherin throughout the entire culture period was observed. Aquaporin-1 expression significantly increased on the SIS when compared with hKDCs grown on routine polystyrene culture plates; however, overall expression of this marker was lower in the hKDC-SIS cultures when compared with the PTs of the native human kidney tissue. In contrast, aquaporin-2 was not expressed in the hKDC-SIS cultures. When cultured on SIS, more than double of the hKDCs were positive for LTL staining when compared with hKDCs cultured on routine polystyrene. DBA staining before and after hKDC culture on the SIS did not show significant differences. These results indicate that although there are some differences between the 3D hKDC-SIS culture model and native human kidney tissue, hKDC culture on SIS leads to an increased expression of renal PTassociated markers and a decrease of markers that are associated with later tubule segments and thus supports proximal differentiation. However, not all cells expressed all PT markers, which can be due to either dedifferentiation or incomplete differentiation.
Col IV is the most abundant collagen of the renal tubule basement membrane. 60 Interestingly, we detected no Col IV expression in the acellular SIS prior cell seeding; however, a robust Col IV expression was seen underneath the hKDC cells when cultured on the SIS substrate, which indicates normal Col IV synthesis and directed basal deposition by the hKDCs. This process was previously associated with regeneration of the tubule epithelium after sublethal injury. 61 Other data suggested that hKDCs synthesize Col IV to allow the formation of a polarized epithelium, similar to the 606 HOPPENSACK ET AL.
regenerative processes seen in vivo. 61 The synthesis of Col IV on SIS has been previously shown for epidermal cells, 33 which highlights the supporting influence of SIS for the formation of epithelial structures in vitro. The superiority of SIS as 3D culture substrate for hKDCs over routine porous PET membrane inserts was further supported by our observation that hKDCs cultured on Col I-coated PET membranes formed detaching cell aggregates. Physiological cell polarization and microvilli formation could only be observed in the hKDC-SIS cultures. Polarization was further confirmed by Na-K-ATPase, claudin-2, and mitochondria staining.
In summary, our study is the first to culture renal cells on SIS. We showed that SIS highly promotes the formation of an epithelial monolayer from hKDCs, which was neither achieved on routine tissue culture polystyrene culture ware nor on Col I-coated PET membranes. Interestingly, HK-2 cells were not receptive to the promoting influence of the natural ECM, most likely due to their viral transformation. This corresponds with a study of Wang et al. that showed that growth and apoptosis of normal, but not transformed cells, is regulated by substrate characteristics. 62 In contrast, primary isolated hKDCs proved to be a very useful cell source when aiming toward the establishment of a renal PT in vitro model. These cells could be expanded to high passages until senescence, without losing their phenotypical characteristics. Moreover, hKDCs developed a single polarized epithelial cell layer on the SIS. Future research efforts will focus on clarifying the parameters that are responsible for the partly inhomogeneous hKDC morphology and differentiation, which could be due to the cells themselves, the scaffold material, or both.
Conclusion
In this study, we cultured primary isolated hKDCs on conventional in vitro substrates such as porous membrane inserts and Col I-3D-gels. In addition, we used SIS as substrate material, which is generally well known for its supportive impact on cellular ingrowth and differentiation, but had not been used for the culture of renal tubule cells. Our results demonstrate that SIS supports the formation of a single cell layer with characteristics of the natural renal proximal epithelium when using hKDCs, but not virally immortalized HK-2 cells. We conclude that the combination of hKDCs and SIS is a suitable cell-scaffold composite to mimic the human renal PT in vitro. In further experiments, we will investigate transport capacity and sensitivity to nephrotoxic substances in the culture model to demonstrate that epithelial morphology and polarization enables cell functionality, which would qualify this model as complement or alternative to animal testing. 
